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AN INEXPENSIVE SUPERSONIC WIND TUNNEL
FOR HEAT-TRANSFER MEASUREMENTS

Part 11 - Results for a Laminar Boundary Layer Based on a Two-
Dimensional Flow Model for the Entrance Region of a Tube.

By

1 2
Jeseph Kaye  and George A. Brown

SUMMARY

Reliable experimental data on local heat-transfer coefficients for
supersonic flow of air in a round tube are reanalyzed in detail with the aid
of an approximate two-dimensional flow model. The results are compared
with similar results based on a one-dimensional flow model and with the
theoretical predictions for supersonic fiow over a flat plate and for flow in
the entrance region of a tube when a laminar boundary layer is present,

The two-dimensional flow model yields a better understanding of the
{ . phencmiena which occur for diabatic supersonic flow of air in a round tube
than that obtained with the aid of the one-dimensional flow model. The two-
dimensional flow model shows that the core Mach number is nearly constant
along the length of tesi scction {for a range of values of the inlet diameter
Reynolds number. For a laminar boundary layer, the values of the local
Stanton numbec« agree within n few per cent with the theoretical values for
p ate flow at the largest values of the inlet diameter Reynolds number.
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NOMENCLATURE

- inside radius of pipe

cross-sectional area, 7D2/4

heat-transfer area, DAL

specific heat aj constant pressure

discharge coefficient of nozzle

inside diameter of pipe

acceleration given to unit mass by unit force
flow per unit area, w/A
coefficient of hez, transier, y/A'(t
ratio of specific heats

distance from end of curved coniour of nozzle
Mach number, V/V gk T

summation index, Eq. (15)

length Nusselt number, nL/2X

static pressure

net rate of heat transfer

perfect -gas constant

diameter Reynolds numter, DG/ug

length Reynolds number, LG/uyg

Stanton number, h/c. G

temperature, deg F

temperature, deg I abs

velocity

mass rate cf flow

density

viscuosity

thermal conductivity

thickness of boundary layer

)

-1
w taw

Superscript * refers to throat of supersonic nczzle where M = 1.

Subscripts:

w

D= 0 T w

. "% O C O
82 = N O

adiabatic wall conditions

boundary layer

isentropic core

station numbers

hypothetical entrance plane of the tube, where the boundary layer is
of zero thickness

stagnation conditiones in boundary layer

stagnation conditions in core

- upstream stagnation conditions

atmospheric conditicns

isentrcpic conditions

wail conditions

free stream conditions for flat-plate flow
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INTRODUCTION

An inexpensive steady-state supersonic wind tunnel has been designed
{nT accurate incasurements of locsl heat-transfer coefficients. It consists of
a convergent-divergent nozzie which delivers dry air at supersonic speceds to
a test section, one-half inch in diameter ond 30 tc 50 diameters in iength. The
various test apparatus and the measurements obtained therefrom have been
described previously in detail (1).* Sufficient measurements have been made
to demonstrate their reliability when a laminar boundary layer exists in the
test section for adiabatic and diabatic superseonic flow. 7The heat-transfer data
were first analyzed (1) with the aid of a simple one-dimensional flow model,
abbreviated hereafter as 1-DFM, but it was shown that this model is not fully
adequate to explain, interpret. and correlate these measurements.

The value of these measurements of local heat-transfer coefficiente would
be considerably enhanced if they could be compared with similar measuremerts
for other types of supersonic flew with a laminar boundary layer, such as plate
flow, cone flow, etc. One reason for subjecting the data given in (1} to further
analysis and compu*ation is to lay the foundation for such comparisons. A
second reasvrn is that accurately measured values of local heat-transfer co-
efficients for supersonic flow with a laminar boundary layer are practically
nonexistent so that further analysis of tube-flow duta might produce informa-

tion useful to the designer o1 devices moving at supersonic speeds. A third
reason for using a more complicated fiow model to reanalyze the same data is
to provide the exnerimenter with a betier phenomenological explanation of the

processes which occur in supersonic flow in the eutrance region of a tube. The

two-dimensional flow model, abbreviated hercafter as 2-DFM, will be used in
this paper to analyze and interpret some selectec values of the data given in(l).

The analysis of supersonic flow in the inlet region of a tube can be ac-
complished, on the one hand, in an extremely simple fashion, such as with the
aid of the i~DFM, and on the other hand, in an extremely difficult fashion,
such as by investigation of the partial differential equations of energy, momen-
tum, and continuity. Although both of these methods of analysis have been used
in the present research program, an intermediate type of analysis is used here
to obtain results ciose to those based on the most exact analysis. This 2-DEFM

should be considered to represent closely the actual supersonic flow phenomena
in the tube.

The 2-DFM is used here only for supersonic flew in the entrance region
of a tube with a laminar becundary layer oritinating at tube inlet, Experimentally
it has been found possible to maintain a laminar boundary layer over the entire
length of tesi section by careful control of the inlet conditions. Independent
measurcments of the velocity and temperatiure profiies of the tube flow for
these inlet conditions have confirmed the existence of this laminar boundary
houndary layer. In the previous paper (1) ceriain values of the tube inlet con-
ditions were selected to present the data for a laminar boundary layer. In

*Numbers in parentheses refer to the Bibliography at the end of the paper.
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the present paper, the same values of these inlet conditions a1+ gelected to
present the results of computation based on the 2-DFM, Comparisons of th
resnlts based on the 1-DFM and on the 2-DFM, for the same original duta, w
be given here. The results based on the 2-DFM will also be compared with
theoretical solutions for plate flow and for tube flow.

Ll

ASSUMPTIONS FOR TWO-DIMENSIONAL IFLOW MODEL
WITH HEAT TRANSFER

The 2-DFM arbitrarily divides the supersonic flow in the entrance regiou

of a tube into two parts, a laminar boundary layez and a central core of fluid,
&s shown in Fig. 1.

The laminar bcundary layer originaties near the tube inlet
and grows in thickness by transference of mass from thc central core. This
2-DFM is consistent with Prandtl's concept of the boundary layer since it is
assumed that both the viscous and thermal effects are concentrated in the
boundary layer, and that both are negligible iu the core region, i.e., the fluid
remaining in the ceniral core undergoes an igentropic process. The basic
soundness of this 2-DFM has been conclusively demonstrated by means of
accurately measured velocity profiles at various positions alung the iest section
of Fig. 1, for both adiabatic and diabatiic flow (2, %), and also by means of un-
published recently measured temperature profiles.

{ The present paper deals with a simplified version of the acinal 2-DFM in
that the actual velocity and temperature profiles are represented by simple

approximations {or both the laminar boundary layer and the core. The boundary-

layer thickness is assumed to be tne same for both the velocity and thermal

| boundary layers. This thickness is arbitrarily taken to correspond to that

thickness at which the local velocity in the boundary layer equals 99 per cent
of the mean velocity in the ccre,

These simplifications are shown in Fig, 1.
They were introduced mainly to reduce the computational tirme since it was

found, after considerable study, that the use of these simplilied vzlocity and
temperature prefiles yielded results nearly identical to those obtained using

a non-linear velocity profile but requiring considcrably greater computational
| time.

T -

The following assumptions are made in the analysis of the 2-DFM:

1. A laminar boundary layer, in which both the viscous and therimal
effects are predominant, exists for supersonic flow in the entrance region

2. The air which remains in the ceniral core undergoes an isentropic
change of siate from an upstream stagnation state to the static pressure
measured at a given secticn,

Terg Y QI T WIS

3. The properties in the

central cere of fluid are assumed to be uniform
at a given section.
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4. 'The s*atic pressure is assumed to be uniform across each section
of the tube.

5. Air is a perfect gas with a constant valve of the ratio of specific
heuats (k = 1.40) over the range of temperature under consideration.

6. The laminar boundary layer has a linear distribution of velocity
which is further approximated by an average velocity in the boundary layer
equal to ore-half the core velocity, as shown in Fig, 1

-~ .

7. The stagnation temperature of the central core is assumed to be
constant at all sections, equal to T,., whereas the stagnation temperature of

the boundary layer is assumed to be uniforin at a given sectiioa but variable
from section to section.

8. The flow is adiabatic up to the tube inlet where the heat transfer

originates,

ANALYSIS OF SIMPLIFIED TWO-DIMENSIONAL FLOW MODEL.
WITH HEAT TRANSFER

The following relations hold at each section ¢f the flew in the tube shown
in Fig, 1,

Continuity: w = Wh + We (i)
Continuity: W = eVies (2)
Continuity: W} = ppVpAp = pp Vh(A-A L) (3)
Geometry: A, 7 [(D/Z) - 6] 2 (4)
GCeometry: A = Ay + A, (5)
Equation of state: r = poRT. (6)
Equation of state: p = ppRTy (7)
Definition: Mi = VE/gkR'I‘C (8)
Assumption: vy =V./2 (9)

The following relations hold between the upsirearn stagnation state and
a state in the core at any tube section:

Isentropic: poi/p - (poi/'pc)k {10)

Isentropic: Toi/ Te= (poi/p)k-1)/k (11)

Ysentropic: Toi = TOC (12)
2

Isentropic: cT =cT +V/2g (13)
p o~ pc G
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Definition: T g1 cpTp + VE/2g {14)
Application of the energy cquation for steady flow to a control volure
which encloses the fluid petween the upstream stagnation region and any tube

section j yields

| SR
[

2 2
14 = ~ -w 5
(i 2)qj + E : Q, wcj (Cpch + VC/2g) + wbj ((,pT L+ Vb/2g) VCpToi' (15)

The suramation in Equation (15) starts at the first station at which heat
transfer data were measured. This first stafion for test combinations C and
D is described in reference (i).

The additional relations used in this analysis are as follows: The condi-

tion for choked flow of air through the supersonic nozzle yiclds

¥ = A%x) = K I’—-\
G7 (w/A%*), = 0.5318 poi/vToi (16)
Definition: € = "w/A*)/(w/A*)s (17)
Assumption: T [T . =0.840 (18)
aw ol
5 . . . . = 1 -
Definition: h Zq/A (tw taw) (19)
Definition: NuD Z hD/x (20)
¢ c
Definition: Nu = hl./x (21)
Lc c
Definition: St Zhilc p V (22)
G pic ¢
cinition: R = . ;
Definition €5e pc\/ CDC/uCg (23)
IS = /
Definition: ReLC z pCVCL,uCg (24)

Method of Computation

A sample calculation is given in the Appendix.
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RESULTS

General

The original mecasurements of heat-transfer coeffirients for supersounic
flow obtained with test combinations C and D, comprising four runs with the
former and thirieen runs with the latter, are given in detail in (1). These data
have heen selected for those stagnation conditions where a laminar boundary
layer is present over most of the test section. Hence, the method of computa-
tion outlined above for the simplified 2-DFM should be applicable for these
seventeen runs. In view of the large amount of calculation involved, however,
only seven runs have been studied in detail by means of the simplified 2-DFM,
namely six and one from i{est combinations C and D, respectively.

The resuits for six runs made with test combination D are given in Figs.
2 to 7, inclusive. Six charts were found necessary to present these results in
sufficient detail because they are sensitive to small changes in the value of the
inlet diameter Reynolds nuinber. The resulis for one run made with test com-
bination C are given in Fig, 8, One run was selected here mainly to reduce
the total computational time and to shov the effect of a shorter test section
on the data. On each of these seven chaits the calculated quantities based on
one flow model are ploited without refererice to the quantities calculated from
the other flow model. Thus, in the curve of Mach number versus length
Revnolds number, the values of Mach number and Reynolds number are taken
from either the 1-D¥M or from the 2-DFM,

Each of the seven charts presents the Mach number, boundary -layer
thickness ratio, local length Nusselt numbcr, and local Stanton number. For
the 2-D¥M, the Mach number, Nusselt number, and Stanton number are basec

*R 3

on properties of the central core of fluid., The local Nusselt and Stanton numbers

are, in reality, average values over the short length of flow of iwo or four pipe
diameters, 1In the discussion of these seven charts, the value of the inlet
diarneter Reynolds number chosen for identification corresponds to that
computed by means of the 2-DFM.

Tlach of the seven charts contains a comparison of the results based on
the 2-DFM with the theoretical predictions of supersonic flow with a laminar
boundary layer on a flat plate and with the theoretical predicticiis for tubc
flow for constant values of thc viscosity and the thermal conductivity. The
former predictions are taken from van Driest (4) and the latter from Tooung (5).
This type of comparisca of results based on the 2-DFM with predictions for
plate flow and for tube flow should be regarded as a temporary expedient until
exact solutions for tube flow and s-curate experimental data for plate flow
with adverse pressure gradients are available,

Results for Test Combinationi D-Mach Number

Fig. 2 presents the results based on the simplified 2-DEFM for the lowest
value of the inlet diameter Reynolds number, namely, 33,000, The Mach number
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based on the 2-DFM decreased only from 2.7 to 2.1 aicrg the length ot the test
section whereas that for the 1-DFM decreases from 2.1 to about 1.2. This
same tvpe of bzchaviour of the Mach numbers for the two flow models is found
also in Figs. 3, 4, 5, 6, and 7. In Fig. 7, the Mach number based on the 2-DFM
decreased only from 2.65 to 2.50 over 5C diameters of length of flow. This
constancy of the Mach number based on the 2-DFM supports the contention
that this type of test section is, in reality, a uscf{ul and inexpensive type of
steady-state supersonic wind tunnel. The 2-DFM shows that the core Mach
number does not vary as much as that indicated by the 1-DFM and that ;he
value of the core Mach number is significantly greater than ihe corresponding
value based on the 1-DFM. Independent measurements of velocity and tempera-
ture profiles at several stations near the tube exit lead to calculated vzlues of
the core Mach number which agree, within cne per cent, with the values of the
core Mach number based on the 2-DFM.

Boundary-Layer Thickness

The boundary-layer thickness at any section in the tube is defined by
Equation (4) for the 2--DFM. It should be noted that this thickness is taken
arbitrarily as zero in the 1-DFM. TIFor the smaller values of the inlet diameter
Reynolds number, namely from 33,000 to 72,000 in Figs. 2, 3, and 4, this ratio
increased from about 20 per cent at tube inlet to about 40 to 50 per cent at
tiuhe exit. For the larger values of Reynolds number, narnely from 88,000 to
115,000 in Figs. 5, 6, and 7, this ratio increases from about 10 per cent at tube
inlet to about 25 per cent at tube exit. Such behaviour of the thickness ratio
could be interpretcd in two ways. Either the laminar boundary layer does not
fill the tube at exit and a fully developed flow pattern is not attained foxr this
entrance type of flow, or for the flow length of 50 diameters the supersonic
flow is, in reality, one corresponding to a fully develcped flow but with a velocity
profile which is quite diffcrent than that for fully developed incompressibic {low
in a round tube. Additional experimental data on velocity profiles for several
stations near the tube exit are needed before these views can be resolved

The thickness ratio for iube flow base¢d on the 2-DFM can be compared
with a similar ratio derived for the thicknegs of a laminar boundary layer of
a compressible fluid flowing on a flat plate for zero pressure gradient. The

theoretical results of Howarth (6) lead to the foliowing equation for the thickness !
ratio,

i) (25)

2
(6/a) = 10.4(L/D)(1 + 0.9795 MC)/(ReLo)
Here the thickr .s corresponds to that value at which the local velocity in
the boundary layer on the flat nlate is 99 per cent of the free stream value.
The values of the thickness ratio based on the 2-DFRM arc slightly larger than
those based on Equation (25} for values of the diameter Reynolds number from

5
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33,000 to 72,000, but both sets of values are iu excellent agreement over the
entire length of the test sectlion for Revnolds numbers from 88,000 to 115,000.
This excellent agreement should be eonsidered as somewhat coineidental for
the foliowing reasons:

i. The zero of the lengih measurement for the tube flow should e the
origin of iiie boundary layer wherte its thiekness is zerc, but the aetual zero
has been arbitrarily taken to be at the end of the curved contour of the nozzle.
The effects introduced by this error should disappear by the middle of the
test seeticn.

2. The Howarth formula is restrieted to zero pressure gradient where-
as a finite adverse pressure gradient exists in the tube flow. The smallest
pressure gradiert is found, however, at the largest value of the inlet diarneter
Reynolds number, and for this case, the agreement between thickness ratio
bascd on the 2-DFM and on the Howarth formula is the best.

3. At the lowest values of the diameisr Revnolds number, namely at
33,000 to 72,000, some evidenee exists that separaticn of the laminar boundary
layer probably occurs in the presence of the adverse pressure gradient. Suth
separaticon would probably result in a thiekening of the laminar boundary layer
and cause its ealculated thickness based on the 2-DFM to be greater than that
indicated by the Howsrth formula, Such a thickening ealculated on the basis
of the 2-DFM, ean be seen in Figs, 2, 3, and 4.

Stanton Number

The local heat-fransfer eoefficients based on the 2-DFM are shown in
Figs, 2 to 7 for test eombination D in the form of the local Stanton and local
length Nusselt numbers. Comparison of the Stanton numbers shows that the
major effeet of shifting from the 1-DFM to the 2-DFM is to decrease the
ealeulated values of the Stanten numbers and simultaneously to inerease the
ccrresponding values of the length Reynolds number. In Fig. 2, for a diameter ]
Reynolds number of 33,000, the first six values of the Stanton number lie with-
.n an average deviation of less than 10 per eent from the thecretieal solution
for tube flow, the remaining eight values fiuetuate about a mean value, and
the fluetuations begin at a length Reynoids number based on the 2-DFM of
600,000, Similar fluetuations are evident in the values of the Stanton number
baged on the 1-DFM and are discussed in (1). A similar process of levelling-
off of the values of the Stanton number with fluetuations about a mean value is
evident in Figs. 3 and 4 at larger values of the diameter Reynolds number,

Figs. 2 to 7 indieate that as the vaiue of the diameter Reynolds number
inereases from 33,000 to 115,000 the values of the Stanton number based on
the 2-DFM move from below the lower line for the tube solution to almost
perfeet agreement with the theoretieal plate-flow solution, shown in Fig. 7.
The diserepanecies betweern the values of the Stanton number and the tube soiu-
tion should not be ecnsidered significant at present, sinee this tube solution
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is based on the assumption of constant viscosity and thermal conductivity; work
is in progress to obtain tube soiutions for variable values of these properties.
The discrepancies between tie values of the Stanton number and the flat-plate
solution, especially at the smaller values of tne diameter Reynolds number
should not be considered significant for two reasons. First, the plate-solution
is based on zero pressure gradient bhut the data were taken with an adverse
pressure gradient in the tube; note that the hest agreement between the tube-
fiow data and the flat-plate solution occurs for the smallest value of the adverse
pressure gradient in the tube. Second, at the smallest values of the diamcter
Reynrolds number, there ig some evidence of separation of the laminar boundary
iayer so that one would expect some deviations from the theoretical solution
for plate flow in wiich separation effects were ncglected.

Nusselt Number

The values of the local length Nusselt aumber based on the 2-DFM and
on the 1-DFM are also shown in Figs. 2 to 7. The main reason for including
the Nusselt number is to compare the value of plotting the calculations in
different ways, All the conclusions reached so far with the aid of the curves
of Stanton number are also eviduiit {rom examination of curves for the Nusselt
number, except that the levelling-off of the Stanton numbers in Figs. 2, 3, and
4 is almost completely masked in the sharply rising values of the Nusselt
number at the same length Reyno.ds number. This masking is a result of using
the tube length as a multiplicative factor in the Nusselt number,

Transition

The transition from a laminar to a turbulent boundary layer is clearly
evident in Figs. 5, 6, and 7, occurring as a very sharp rise in value of the
Stanion or Nusselt number. On the basis of the 2-DFM, this sharp rise occurs
at values of the length Reynolds number of 4,000,000, 4,500,000 ard 4,500,000
in Figs. 5, 6, and 7, respectively. These values of the lengih Reynolds number
at the start of transition are in good accord with values given in the literature
for transition of a laminar boundary layer on a flat plate with zero pressure
gradienzt.

Results for Test Combination C - Effect of Shorter Test Section

The results of using the 2-DFM for calculation of one run with test com-
bination C are shown in Fig, 8, The value of the inlet diameter Reynolds
numper is 127,000, which corresgponds to the highest value for test combination
D shown in Fig, 7. Hence the effect of a shorter length of test section may be
obtained by comparison of these two figures., Fig. 8 shows that the value of
the Mach number, based on the 2-DFM, remains nearly constant. The boundary
layer thickness ratio increases from 10 per cent at inlet to about 20 per cent
at exit, thus duplicating the behaviour of the boundary-layer thickness ratio of
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test combination D in ¥ig. 7. This ratio in Fig. 8 also agrees well with th.t

computed by the Howarth formula.

The values of the local Stanton and local Nusselt numbers based on the
2-DFM, shown in Fig, 8, agree within a few per cent with the values based on
the theoretical predictions {or plate flow, in the region where a laminar
boundary layer is present. The value of the length lReynolds number at
transition from a laminar to a turbulent boundary layei lies between 3,000,000
and 4,000,000; this agrees well with the values observed for transitior in the
longer test section of test combination D. The main effect of the shorter

length of test combination C is that the rise in values of the Stanton or

Nusselt numbers during transition is never as spectacular ag that fcund in

test combination D.

PREDICTION OF DIABATIC SUPERSONIC FLOW IN A TUBE

The 2-DFM provides a means of predicting the flow behaviour for dia-
batic supersonic flow in the entrance region of a tube if a laminar boundary
layer exists. In essence, this mcthed of prediction was confirmed when test
combination D was designed to be 50 diameters long instead of 30 for the
previous test combination C. The analysis for prediction for diabatic flow
is obtained by rearrangement of the basic equations given above but will be
omitted here for lack of space. The analysis based on the 2-DFM is also being
used to design new test sections for adiabaiic and diabatic flow with an inlet

Mach number near 5.

CONCLUSIONS

An approximate and simplified two-dimensional flow model for the en-
trance flow region of a tube yields results which are in agreement with theo-
retical predictions for tube flow and for plate flow with zero pressure gradient.
This flow model yvields a better understanding of the phenomena which occur
in diabatic supersonic flow of air in a round tube than that obtained with the
simple one-dimensional flow mo-del and eliminates the inadequacies of the latter

model.
The Mach numbers based on the 2-DFM are significantly larger and much
more nearly constant along the test secticn than those based on the 1-DF M,

The thickness of the laminar boundary layer based on the 2-DFM in-
creases slowly from tube inlet to exis but does not {ill the tube cross section
at exit. These values of the thickness are in good agreement with those calcu-
lated from Howarth' s results.

The values of the local Stanton number based on the 2-DFM agree best

with the theoretical predictions for tube flow and deviate most from those for

plate flow at the lowest value of the diameter Reynolds number, namely, 33,000,
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But the reverse is truc at the highest value of the diameter Reynolds number,
namely, 127,000 for test combination C, and 115,000 for test combination D,
The agreement betweer. measu- ed tube values and predictions for plate flow
for zero pressure gradient for :acce lust two valueg of the diameter Reynolds
number is within a few per cent. The values of the local Nusselt number
based on the 2-D¥M behave similar to the Stanton numbers in comparisons
with the theoretical predictions for tube flow and plate flow but are of less
value in understanding and interpreting the phenumena.

The effect of varying the lengih of test section from 30 ito 56 diameters
on the results based on the 2-DFM i3 negligible, except that the shorter length
does not deiineate transition as clearly.

The transition from a laminar to a turbulent boundary layer for diabatic
supersonic flow in a tube is clearly evident in the sudden and very sharp rise
of the vahie= of the local Stanton number. The values of the length Reynolds
number at the siart of the transition are in excellent agreement with similar
data for a laminar boundary layer on a flat plate,
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APPENDIX
CALCULATED RESULTS BASED ON TWO-DIMENSIONAL FLOW MODEL

This appendix contains the results bascd on the 2-DFM for seven runs,
of which six were madec with tcst combination D and one with C. The surnmary
of the large 2mount of computation based on the 2-DFM is given in Table 1.
The values given in Table 1 are based on calculations made with five or six
significant figures throughout. A samiple calculation is given here, in part,
1o indicaic the method, for Run No. B-1. The origina!l data for Run No. E-1
are taken from Table 5 of reference (1).

The values are summarized as follows:

G’; - 46.73 lbm/sec ft°

* = g2 7
(Re) 92 765
C = 0,967

w
w: = (.01837 Ibm/sec
w = 0.01777 lbm/s.c
2 )

A = 0.1978 in.” = 0.001373 ft°

From Tablc 20 of the '"Gas Tables' (7), corresponding to the value of
(p/poi) of 0.04601 for the fourth station, it is found that

M = 2 655
C

T /1 ., =0,4149
[ 0l

T ={T /T )1 ,=0.,4149 (570.88) = 236.9° F abs
C C Ol Ol

For the core,

p . (plp ) 14,479 x 0.04601 x 144

3
- = = O. T 5 1
P RT 53.342 < 236.0 067645 lbm/ft
v_ =M_ /ekRT, = 2.655 /32,174 x 1.400 x 53.342 x236.9 = 2003 ft/sec
A
G = p V= 0.007645 x 2003 = 15.31 lbm /(sec 1)
C C C

For the boundary layer,

v =V /2 = 1402 ft/sec
b c
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From Equations (1), (2), (3}, (7), (12), {13), (14), and (15)

n=j-1
2
Z we (T .-V - (pV < A)/R
qj/.a + E q. + o o vb/chp) (pvb . Y/
n=1
AC T e s S =
: ~ Y - e -
G.e, ('IOi Vb/zgcp) (pVbcp)/R
n=i-1
y SIS = 2 = 3 = 2 it
qj/2+ ‘:_:‘1 qn q/l/ +q3 €.001482 +0.011486 =0,012968 Btu/sec
2
(T —V{)/ch ) = (670.88 - 1602 x 10602/2 x 32,174 x 778.3 x 0.2398)
= 487.4 °F abs
e {I' . -V /2pgc ) =001777 x 0.2339 x 487.4 = 2.077 Btu/sce
(v}
2 , 2
G c (T . - Vb/‘zgg ) = 15.31 x 0.2399 x 487.4 = 1791 Biu/sec it
2
pVbcp/R =14.479%x0,04601 x 144 1002x0.2329/53.342 = 435.1 Btu/sec ft~

pVbCDA/’R = 435.1 x $.001373 = 0.5976 Btu/sec

_0.012968 + 2.077 - (.5976

2
' = 161 f
A 1791 - 435.1 CROE

Ab = A - AC = 0,001373 - 0.001101 = 0.000272 ftz

w =G A =15.31x0.001101 = 0.01687 lbm/sec

C c ©

woE W w = 0.01777 - 0.01687 = 0,000902 lbm/sec

= R
5/a =1 - (1/a) \/l AC/7.' =1 - (24/¢.5018) V 0.00110i /7 = 0.1045
From Equations (3) and {7)

14.579x0.04601 x 144 x 1062 x0,000272/53.342 x ¢.00090

r = A
r‘o pVb b / wa

547.3 OF abs

ﬁ
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Py (Plp ) 14579 2 0.4601 x 144 7
-~ —_— = 0.003308 1bm/ft’
Py RT 53.342 x 547.3 S806 At ihy

2
G, = prb = 0.0C3308 x 1002 = 3.314 lbm/sec ft

The remaining quantities are calculated as follows:

T, 0" (Taw/Toi)Toi = 0.940 x 570.88 = 536.6 OF abs

h Zq/A &, - bl = 974.7/(672.2 - 536.6) = 7.19 Btu/hr °F 1t
hD/A_ = 7.19 x 0.5018/12 x 3600 x 0.1942 x 107° - 43.0

RL/A_ = (hD/X ) (L./D) = 43.0 x 4.484 = 193

-4
‘n/chCE 7.19/0.2308 x 15,51 x 3600 = 5.44 x 10

G_T(L/D)  15.31 x 0.5018 x 4.484
Re = = = 463,000
e He 12 x 0.620 x 107°

The calculations are continued by repeating the above stips for Station

numbers 5, 6, 7, etc.
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